Standard microelectrode techniques were used to study the eifects of a free radical generating system on action potentials recorded from guinea pig ventricular myocardium. Free radicals were generated by mixing xanthine oxidase (0.02-0.04 At/ml) with the superfusate-modified Locke's solution containing purine 2.3 mM. The system was validated by demonstrating that it could reduce cytochrome C at a rate of 15.9 ± 1.5 mol/l/min. This rate was decreased to 3.0 ± 0.3 (p<0.00l) in the presence of superoxide dismutase (12 mg/100 ml), and the reaction was absent if xanthine oxidase and purine were premixed for 60 minutes prior to adding cytochrome C. Superfusion of guinea pig ventricular strips with the free radical generating system (20-30 minutes) resulted in a highly significant reduction in resting potential from -79.3± 1.8mVto -70.9± 1.4 mV (p<0.0001, n = 6) and in action potential amplitude from 110.9 ± 2.2 mV to. 101.7 + 4.0 mV (p<0.0001). There was an accompanying fall in maximum rate of depolarization (V max ) from 254.1 ± 17.7 V/sec to 207.1 ± 18.6 V/sec (p<0.01) and no significant change in action potential duration. These changes were accompanied by spontaneous activity in 3 of 6 preparations and reversed after 20-30 minutes washing in Locke's solution. They were largely abolished by adding superoxide dismutase (12 mg/100 ml) to the superfusate and completely absent if the xanthine oxidase and purine were premixed for 60 minutes before superfusing the myocardium. We conclude that the phenomena observed may contribute to the genesis of reperfusion arrhythmias. (Circulation Research 1987;61:50-54) T here is good evidence for the involvement of oxygen-derived free radicals in the production of ischemic tnyocardial injury and particularly of reperfusion-associated injury.
T
here is good evidence for the involvement of oxygen-derived free radicals in the production of ischemic tnyocardial injury and particularly of reperfusion-associated injury.
1 Furthermore, it is known that reperfusion-induced injury can be reduced by maneuvers that either reduce the generation of free radicals (allopurinol, catalase) or scavenge free radicals (ascorbate, vitamin E, superoxide dismutase, mannitol) 2 -3 Ventricular tachyarrhythmias are also frequently seen during reperfusion, 4 e.g , after a period of coronary artery spasm, following spontaneous lysis of an occluding coronary thrombus, or after surgical ischemia This phenomenon is of increasing clinical importance since the ad\ent of therapeutic interventions, such as streptokinase or coronary angioplasty, aimed at producing reperfusion in patients with early or threatened myocardial infarction. Manning et al 5 recently produced evidence that free radicals formed during reperfusion following coronary hgation in rats may play a causative role in the associated ventricular tachyarrhythmias, although later reports from two other groups suggest that free radicals may not be the only factor involved. Ytrehus et al 6 perfused isolated rat hearts with a free radical generating system and noted marked hemodynamic changes. They reported no specific arrhythmias, although mean heart rate did rise considerably. Coetzeeet al, 7 in a preliminary communication, found no significant effects on action potentials after a 30-minute exposure of guinea pig papillary muscle to oxygen free radicals We, therefore, undertook a systematic study of any cellular electrophysiologic changes produced in guinea pig ventricular cells (in the absence of prior ischemia or hypoxia) by exposure to oxygen-derived free radicals.
Materials and Methods
Guinea pigs of either sex, weighing 500-800 g. were decapitated and their hearts quickly removed. Strips (approximately 5 mm x 3 mm x 1 mm) were cut from the right ventricular free wall and pinned to the base of a bath (volume, 0.5 ml). The tissue was superfused at 3 ml/min with modified Locke's solution gassed with 95% O 2 -5% CO 2 and maintained at 37 ± 0 2° C by a Peltier element The composition ot the Locke's solution was (in mM): NaCl 125, KC15 6, CaCI 2 2 16, NaHCOj 25, MgCl 2 1 0, NaH 2 PO, 0 44, and glucose 11, pH 7.4. Preparations were allowed to equilibrate for 2-3 hours before taking recordings During this time and throughout the experiment, prep-Pallandi el al Free Radicals and Cardiac Action Potentials arations were driven from bipolar platinum electrodes providing rectangular pulses of twice the threshold intensity at a cycle length of 1,000 msec. Action potentials were recorded from the endocardial surface by conventional glass microelectrodes filled with 3 M KG (impedance, 15-40 Mfl) and coupled to a Neurolog NL102G high input impedance DC amplifier (Digitimer, Hertfordshire, England). Samples of 8-20 action potentials were recorded in control superfusate after 20-30 minutes of exposure to a "test" solution and again after 20-30 minutes of washing in control solution.
Analysis of Recordings
Action potentials were monitored on an oscilloscope. Selected potentials were analyzed by digital techniques using a Rockwell AIM-65 8-bit microcomputer modified by the addition of sampling hardware comprising a gain-matching amplifier and an Analog Devices ADC 571 10-bit analog-to-digital converter (Analog Devices, Norwood, Mass.) connected to 2 ports of the AIM-65 Versatile Interface Adaptor. Parameters measured were resting membrane potential, action potential amplitude, action potential duration to 50 and 90% repolarization, and the maximum rate of depolarization (V rax ). The latter was calculated by simple differencing of 10-bit data samples taken at 20 KHz, Then, the values thus obtained for each of the 8-20 potentials in a sample were combined, and a mean value was obtained for each parameter for that sample
Generation of Free Radicals
The superoxide radical (O 2 T ) was generated by the reaction of xanthine oxidase (Sigma Chemical Co., St. Louis, Mo ) with 2 3 mM punne (Sigma) added to the Locke's solution supervising the preparation 8 Commercial xanthine oxidase is a suspension in 2.3 M ammonium sulphate that has marked electrophysiologic effects of its own The enzyme preparation was first dialyzed for 11/ 2-2 hours against frequent changes of Locke's solution immediately prior to each experiment and then added at the inlet port to the tissue bath (via a separate infusion tube) to produce a concentration of 0.02-0.04 U/ml. The additional volume of 0.1-0 2 ml/min being introduced to the tissue bath had no effect on bath temperature.
Statistical Analysis
Data are expressed as mean ± standard deviation. Student's unpaired t test was used to determine the significance of differences between rates of reduction of cytochrome C. In studies involving comparison of action potential parameters, one-way analysis of variance was used first to determine the presence of significant differences between means In those cases where significant differences were found, multiple t tests using the Bonferroni correction were then employed to determine the significance of differences of individual sample means from control values. In these cases, the value of p required for significance was taken as 0.05/n, where n = the number of comparisons made (either 2 or 4).
Results

Validation of Free Radical Generating System
To test the ability of purine and xanthine oxidase to generate oxygen radicals in vitro, 1 ml of purine (2.3 mM) was mixed with xanthine oxidase (0.02 U) and cytochrome C (0.04 mg); the reaction followed in a Pye Unicam Model SP1800 ultraviolet spectrophotometer at a wavelength of 550 nm. The rate of reduction of cytochrome C was 15.9 ± 1.5 mol/1/min (n = 5). Addition of superoxide dismutase (Boehringer Mannheim, Sydney, Australia) at a concentration of 580 U/ml significantly (p<0.001) reduced the rate of reduction of cytochrome C to 3.0 ± 0 3 mol/ ;/min (n = 6).
When purine and xanthine oxidase were premixed for 1 hour before adding cytochrome C, no reduction reaction was detectable (n = 5).
Myocardial Effects of Free Radical Generating System
The effects of 20-30 minute exposure to free radical containing superfusate were studied in 6 preparations (Table 1) . It can be seen that there was no effect on action potential duration at 50 or 90% repolarization but that there was a very consistent and highly significant reduction in the resting membrane potential from -7 9 . 3 ± 1.8 mV to -70.9 ± 1.4 mV (/?<0.0001, a = 6 preparations, 110 cells) This effect, which was fully reversible within 20-30 minutes of wash-off, was accompanied by a corresponding fall in action potential amplitude (110.8 ± 5 8 mV to 101 7 ± 4 0 mV, p<0.0001) In addition, there was a reversible depression of the maximum rate of depolarization (V max ), presumably due to voltage-dependent inactivation of sodium channels as a result of the depolarization. V ma , fell from 254 1 ± 17.7 V/sec to 207.1 ± 18.6 V/sec
In addition to the action potential changes observed in all experiments, automatic activity appeared in 3 of the 6 preparations during superfusion with free radical generating solution. This was manifest as irregular, repetitive generation of spontaneous action potentials No evidence of spontaneous phase 4 (diastolic) depolarization or of early or delayed afterdepolanzations was seen in any of the cells from which recordings were taken.
Time Course of Effects
The time course of onset of free radical associated depolarization was not studied systematically. In 3 experiments, however, impalement of a single cell was maintained during the introduction of xanthine oxidase to the tissue bath. Depolarization was noted within 3-5 minutes from the introduction of xanthine oxidase to the superfusate and had reached its maximal level within 10-15 minutes.
In I preparation, the effects of 3 cycles of 30-minute exposure to free radicals followed by a 30-minute wash-off were observed. There was no evidence of a cumulative effect. The mean resting potential of the first control sample was -76.8 ±3.6 mV, and that of the fourth control was -75.5 ± 2 7 mV. Mean depolarizations of 5.6, 8.6, and 7.3 mV were seen with 3 consecutive exposures to free radicals (8-15 cells sampled at each stage). Finally, in 2 experiments, the effects of longer superfusion with free radical generating superfusate (90 minutes) were observed No progression of depolarization was seen beyond that measured at 30 minutes, and this was still fully reversible on washing.
Control Studies
Preliminary experiments showed that either punne (up to 65 mM) or xanthine oxidase (up to 0.08 U/ml) added alone to the superfusate had no effect on any action potential parameter Two preparations were superfused with Locke's solution containing xanthine oxidase and purine in the same concentrations (0 02 U/ml and 2 3 mM, respectively) as in the first series of experiments. This time, however, the 2 substances were added together to the reservoir of Locke's solution 60 minutes prior to being used to superfuse the myocardium. This was done to allow sufficient time for the process of generation and decay of the free radicals to be completed. Superfusion with this premixed solution had no effect on any action potential parameter (Table 2 ) No spontaneous activity was observed
Five further experiments were performed in which the preparations were exposed in randomized order to both the standard free radical generating system and to the same system to which had been added superoxide dismutase 580 U(0 12 mg)/ml A further control period (30 minutes of superfusion with Locke's solution alone) separated these test periods (30 minutes each). The identity and sequence of administration of the test solutions were not revealed to the experimenter performing the myocardial impalements and recording the action potential parameters until the completion of each study
In the absence of superoxide dismutase, superfusion with purine and xanthine oxidase produced similar falls in resting potential (6 5 mV,/?<0.01) and action potential amplitude (11.0 mV, p < 0.001) to those seen in the first series (Table 3) . V max also fell, although this change did not achieve statistical significance. The addition of superoxide dismutase considerably reduced the magnitude of these effects. The reductions in resting potential and amplitude were now 2.1 mV and 3.9 mV and were not significantly different from controls Discussion Oxygen-derived free radicals, superoxide (O 2 T ), peroxide (O 2 2~) and hydroxyl (OH-), are short-lived, highly reactive derivatives of oxygen. 9 Free radicals are produced in vivo by both mitochondria and phagocytes, and their rate of production is greatly increased during reoxygenation of ischemic tissues. 10 Since the 1950s, these reactive species have been implicated in many of the damaging effects of oxygen." Evidence for a major role for oxygen-derived free radicals in producing reperfusion-associated myocardial injury and for a protective role for free-radical scavengers has been produced by several groups.
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" 15 These studies have largely concentrated on the possible involvement of free radicals in the reduction in contractility associated with ischemia and reperfusion including the phenomenon of transient "stunning" of the myocardium following reperfusion after a brief period of ischemia. 15 It has recently been proposed that these same reactive substances might be involved in the genesis of reperfusion arrhythmias.
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Manning et al 5 showed that pretreatment with allopurinol (which inhibits the activity of xanthine oxidase, an enzyme that is important in the production of free radicals in vivo) markedly and significantly reduced the incidence of reperfusion arrhythmias in rats Bernier et al 16 extended this work and have shown similar effects with 6 other agents that either inhibit free-radical formation or scavenge free radicals once produced.
The present study provides insight into possible cellular electrophysiologic bases for the arrhythmogenic properties of free radicals The system used to generate free radicals was based on that of Burton et al," in which xanthine oxidase and a suitable substrate (punne) react to release predominantly the superoxide radical.
The main effect observed on ventricular action potentials was a moderate (8.4 mV). reversible depolarization of the resting potential with an associated fall in amplitude and reduction in maximum rate of depolarization (V nu J. In addition, 3 out of 6 preparations showed spontaneous activity while exposed to the free radical generating system, although the nature of this automaticity was not discovered Evidence that the observed effects were indeed due to superoxide generation is provided by the control studies in which no effects were seen with purine or xanthine oxidase alone or with a premixed combination of these 2 substances and by the demonstration that superoxide dismutase (a scavenger of superoxide radicals) largely reversed the effects (Table 2 ) These findings were consistent with the studies performed on the ability of these various solutions to reduce cytochrome C. They differ from those of Coetzee et al, 7 who reported "no evidence of electrophysiological deterioration" after a 30-minute exposure of guinea pig papillary muscle to various free radical generating systems (including xanthine-xanthine oxidase but not purine-xanthine oxidase). The reasons for this discrepancy are not apparent. A depolarization of the magnitude observed would be expected to be proarrhythmic for several reasons. Excitability would be increased because the resting potential is now closer to the threshold potential for action potential generation. Further, any latent tendency to automaticity in individual cells or group of cells would be enhanced because of the increased inward current (window current) flowing through partially depolarized sodium channels. 17 This could well be the basis of the observed automatic activity although no direct evidence of the mechanism was seen Finally the reduction in conduction velocity that would follow a fall in V max would increase the possibility of reentrant arrhythmias based on preexistent or newly formed anatomic substrates l8 The ability of changes such as these to produce arrhythmias in intact animals or in man would be expected to be greatly enhanced in myocardium already damaged by prior ischemia Given that the observed effects are potentially arrhythmogenic, it is necessary to consider how they might be produced. It is well known that free radicals can cause severe damage to cell membranes by peroxidation of component lipids.' i9 We propose that the free radicals are, in this way, disrupting the integrity of the membrane and increasing the inward leak of sodium and calcium ions leading to the observed depolarization and associated effects The fact that the process is readily reversible suggests that the characteristic ability of the cardiac cell membrane to heal over and repair damage 20 remains unimpaired in the present preparation.
In conclusion, we have confirmed the arrhythmogenic properties of an oxygen-derived, free radical generating system in myocardium not exposed to hypoxic or ischemic conditions and propose a possible cellular mechanism for these actions
